I present an organic description of the spectrum of regimes of collisionless tidal streams and define the orderings between the relevant physical quantities that shape their morphology. Three dichotomies are identified and the mechanisms through which they regulate the main qualitative properties of a stream are illustrated. These determine (i) the speed of the differential streaming, (ii) the internal coherence of the stream, (iii) its thickness or opening angle. The roles of the slope of the host's density profile, the progenitor's internal kinematics (and ordered rotation), the details of the shedding history are systematically inspected. Within this framework, I concentrate on the mechanism that causes the characteristic 'feathering' typical of streams of star clusters, which is found to be a natural feature of coherent streams. Feathers appear as collections of multiple 'armlets', each composed of stars shed between two successive apocentric passages of the progenitor. Each armlet is folded along its length, pulled at its centre by the faster differential streaming of stars released near pericenter. The same mechanism is capable of generating 'bifurcations' (i.e. bimodal density distributions) in the faster streams of more massive progenitors. I explore on the conditions under which streams are internally coherent and comment on the cases of Palomar 5, Willman 1, the Anticenter and Sagittarius' streams. Analytic analyses are accompanied by numerical experiments, which are performed using a purposely built generative model, also presented here.
INTRODUCTION
In a universe in which galaxies grow by continuously accreting and dissolving star clusters and smaller galaxies, the study of tidal features provides a natural and powerful tool to tackle a variety of issues: (i) reconstruct the assembly histories of galaxies and haloes (e.g., with decreasing mass, Arnaboldi et al. 2012; Romanowsky et al. 2012; Coccato et al. 2013; Foster et al. 2014; Besla et al. 2010; Diaz & Bekki 2012; Veljanoski et al. 2014; Martínez-Delgado et al. 2012; Amorisco et al. 2014 ); (ii) measure their mass profiles and density slopes out to radii that is very difficult to probe by other means (e.g., Gibbons et al. 2014; Kirihara et al. 2014) ; (iii) map their detailed structural properties, like tridimensional shape and orientation (e.g., Koposov et al. 2010; Law & Majewski 2010; Varghese et al. 2011; Deg & Widrow 2013; Lux et al. ⋆ E-mail: amorisco@dark-cosmology.dk 2013; Vera-Ciro & Helmi 2013; Khoperskov et al. 2014 ).
The process of tidal disruption is a natural product of the laws of gravity: smaller, bound objects are often formed within or captured by the deeper gravitational well of a more massive system. Given a dense enough host, such satellites remain bound for a finite amount of time only, and eventually end their lives shredded by the tidal forces. Although with a diverse range of dynamical regimes, phenomenologies, and timescales, this is a very common fate across extremely different mass scales. In this paper, I address the main mechanisms that govern the dynamics of the formation, growth and dispersal of tidal features in collisionless systems. With increasing masses, this includes: the formation of thin stellar streams from the slow evaporation of star clusters; the wrapping of tidal tails from disrupting dwarf galaxies within the haloes of L * galaxies like the Milky Way; the phase mixing of the shells often formed by galaxies accreted onto massive ellipticals and bright centrals.
The largest and highest quality datasets on streams c 0000 RAS and substructures of tidal origin pertain the Milky Way stellar halo, which is scarred by the traces of both disrupting globular clusters (GCs, e.g., Odenkirchen et al. 2001; Belokurov et al. 2006a; Grillmair & Johnson 2006 ) and dwarf galaxies (e.g., Belokurov et al. 2006b Belokurov et al. , 2014 Grillmair 2006; Koposov et al. 2012; Majewski et al. 2003; Newberg et al. 2009 ). Tremendous prospects in this field are promised by the upcoming precision astrometry that the now ongoing GAIA mission (see e.g., Perryman et al. 2001; Bailer-Jones et al. 2013 ) will deliver in the coming decade. This has sparked significant activity on the subject of tidal features, although with a narrowing of interests towards the Galactic environment, and with a focussing of both dynamical studies and modelling techniques (e.g., Bovy 2014; Price-Whelan et al. 2014; Sanderson et al. 2014) .
Here, I present an organic description of the different regimes of collisionless tidal streams and identify the orderings between the relevant physical quantities that define and shape them. This work builds on analyses by Johnston (1998) and Johnston et al. (2001) , which have previously grasped an understanding of the physical mechanisms and timescales associated with the main properties of a tidal streamer, such as its width and length. These works have concentrated in particular on the tidal features of dwarf galaxies orbiting a MW-like host (see also Johnston et al. 2008) . In this paper I generalise the mentioned studies by widening the progenitors' mass spectrum and by systematically highlighting the role of relevant physical ingredients. These include quantities whose effect has perhaps been under appreciated, as the slope of the host's density profile, the progenitor's internal kinematics and ordered rotation, the details of the shedding history.
Three dichotomies between key physical quantities are identified and the mechanisms through which they regulate the main qualitative properties of a stream are illustrated. These, independently, oppose
• tidal features in which differential streaming is slow (fast), that grow short (long) tails within one orbital period of the progenitor;
• streams in which the internal dynamics is coherent, which determines the formation of 'feathers' and 'bifurcations', against streams in which members continuously mix internally;
• streams that appear as such, i.e. thin and elongated within the orbital plane, against streams with large opening angles, which can in fact be classified as shells.
Within this framework, I concentrate on the mechanisms that cause the characteristic 'feathering' of star cluster streams. The origin of such behaviour has been identified in the epicyclic motion of stars (Capuzzo Dolcetta et al. 2005; Küpper et al. 2010 Küpper et al. , 2012 , which is held responsible for the substructures and overdensities observed, for example, in the tidal tails of the GCs Palomar 5 (Pal 5) and GD1 (e.g., Carlberg et al. 2012; Carlberg & Grillmair 2013) . Here, I show that, in the general case of non-circular orbits of the progenitor, the appearance of such 'feathers' is in fact due to a time-modulation of the average mechanical energy of the escaping stars. I investigate on the range of properties of host and progenitor that are necessary for such feathering to form. This is relevant to contextualise the multiple tidal tails observed around the ultrafaint dwarf galaxy Willman I (Willman et al. 2006) , the complex internal structure of the Anticenter stream (Grillmair 2006; Carlin et al. 2010) and to understand what are the prospects for detecting similar features around more ultrafaints.
Furthermore, I show that bifurcation in the density of a stream's arms is in fact a completely natural morphology, associated with one of the physical regimes I identify. The Sagittarius stream has been shown to display a well defined bimodality in the stellar density of both leading and trailing arm (Belokurov et al. 2006c; Koposov et al. 2012 ), a morphology that has so far eluded a satisfying explanation. Several mechanisms have been proposed as a solution to this puzzle, mainly belonging to two different families: the density peaks in the bimodal density pattern of each arm (i) originate from different progenitors (Koposov et al. 2012) , (ii) are misaligned tails shed at successive shedding events, corresponding to successive pericentric passages (Fellhauer et al. 2006; Peñarrubia et al. 2010) . However, scenarios presented so far fall short of explaining the entirety of the observed phenomenology.
I show that it is a natural feature in the internal structure of each tidal arm, as produced by the shedding around a single pericentric passage, to be fold twice along most of its length. This folding is intrinsic, not produced by a shift of tails shed at different pericentric passages, and is a result of the same mechanism associated to the formation of feathers. This can produce an evident bifurcation, i.e. in an apparent bimodal density distribution, or be completely smeared out by the random motions internal to the stream itself. The additional difficulty presented by Sagittarius' stream is that its bifurcation is apparent despite the fact that our particular viewpoint lies very close to the orbital plane. In absence of rotation and for spherical potentials, the present mechanism only produces bifurcations that lie within the progenitor's orbital plane. It remains to be tested whether a reasonable amount of tumbling rotation and the flattening of the MW potential are capable of allowing this mechanism to explain the entire phenomenology of the Sagittarius' stream. Although the purpose of this paper is not to provide a model of the Sagittarius stream, the conditions under which this would manifest an intrinsic bifurcation (as opposed to an artificial bifurcation caused by multiple wrappings) are explored.
In this paper, I use both analytical and numerical tools. In particular, I introduce a simple but very flexible model for generating tidal streams that orbit within a spherically symmetric gravitational potential. This framework is similar to the 'streakline method' used by Küpper et al. (2012) and Bonaca et al. (2014) , and to the technique adopted by Gibbons et al. (2014) , in that, as in the mentioned works, particles are released along the progenitor's orbit. This model has been shown to reproduce the tracks and qualitative morphologies of both thin (Küpper et al. 2012 ) and dwarfs' (Gibbons et al. 2014) streams. Here, it is made able to quantitatively describe the full phase space structure of a stream by allowing for a significant flexibility in setting the details of the mechanism of particle-shedding. This includes the possibility to mimic: (i) the disruption of a heavier progenitor, by varying the probability function of the tridimensional velocity of the escaping stars; (ii) the disruption of a rotating progenitor, by modulating the kick velocities; 2.
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log 10 r r 0 r 0 dlnΚ dr Figure 1 . The quantity r 0 dlnκ/dr for gravitational potentials generated by broken power-law density profiles, eqn. (14). As from eqn. (13), potentials and pericentric radii achieving larger values allow for a faster development of tidal features, see Sect. 2.1. Dotted lines provide asymptotic approximations for the central pure power-law regime.
(iii) the details of both GCs' streams and shells encircling massive ellipticals, by varying the probability function of the shedding times along the progenitor's orbit. The present paper is structured as follows. In Sect. 2, I introduce the basic physical ingredients that shape the properties of a tidal streamer, and identify how their interplay define different dynamical regimes. In Sect. 3, I present the model for generating tidal features, and explore on the effects of the progenitor's kinematics and shedding history. In Sect. 4, I concentrate on the dynamics of coherent streams, and illustrate the mechanism that determines the formation of feathers and bifurcation. Sect. 5 presents simple applications to a few Milky Way streams. Sect. 6 lays the Conclusions of this work.
PHYSICAL INGREDIENTS AND DYNAMICAL REGIMES
Tidal features are generated by the differential streaming of stars that have escaped the gravitational pull of their progenitor because of tidal forces. The details of the escape process are necessarily complicated, as the phase space coordinates of each star at escape depend on all the following: the mass profile of the host, the one of the progenitor, the progenitor's orbit as well as the initial conditions, i.e. the star's orbit within the disrupting satellite before escape (see e.g., Read et al. 2006; D'Onghia et al. 2010) . As a consequence, escaping stars leave the progenitor -instantaneously at (rp, vp) -with a range of spatial and kinematical displacements:
(rs, vs) = (rp, vp) + (δr, δv) .
The subsequent evolution of the escapee is determined by the Hamiltonian flow of the combined gravitational potential of host, progenitor and escaping material. Such flow propagates the initial phase space displacements of the tidally stripped stars, a process that appears as a differential streaming in physical space, and that progressively mixes the corse-grained distribution function in phase space (Helmi & White 1999) .
As an order of magnitude estimate, the shed stars escape the progenitor where its gravitational attraction is balanced by the tidal forces:
where m is the mass of the satellite, Φ is the host's gravitational potential, Ω its angular frequency and rt is usually referred to as the instantaneous tidal radius, and scales like (m/M ) 1/3 , with M being the host's mass. As recognised by Johnston (1998) , the Lagrange radius sets a natural energy scale of the shedding mechanism:
this is the (instantaneous) difference in gravitational energy between the progenitor and a star that escapes from either one of the saddle points of the Hill's surface. Additionally, the escapee's shift in velocity gives rise to a companion shift in mechanical energy:
so that the total energetic difference between progenitor and escaped star is
Although the dynamical dichotomies I set out in the following are valid in the general case, for simplicity of description and to favour a more explicit identification of the involved physical quantities, I assume that the host's gravitational potential is spherical. Also, I posit that the gravitational influence of the progenitor influences the longterm evolution of the tidal stream only by shaping the properties of the phase space displacements (δr, δv), but can be neglected once stars are unbound (see for example Gibbons et al. 2014) .
In this simplified framework it is easy to right down the angular momenta of progenitor and escaped star, the modulus of which differ by δJ = δJt + δJ k , with contributions of
To identify orbits in the host's potential, in the following, I use alternatively (E, J) or (E, j) pairs, where 0 j 1 is the usual circularity:
and Jc(E) is of course the angular momentum of the circular orbit with energy E. Finally, because of δv, the orbital plane of each shed star is also subject to a tilt. This corresponds to a rotation in the direction of the angular momentum vector by an angle ω = arctan rs δv ·Ĵp
around the directionrp at the time of escape.
Slow vs fast angular mixing
The first dichotomy I am going to consider is defined by the comparison between the quantities • Ωp = ∆ϕp/Tr,p, i.e. the average orbital angular frequency of the disrupting progenitor. Here, Tr,p = Tr(Ep, jp) is the progenitor's radial period and ∆ϕp is the angle the progenitor spans in such time.
• δΩ = Ωs − Ωp , i.e. the average difference in orbital frequency of shed material and progenitor. Here, Ωs is the average angular frequency of a given collection of shed particles, for example those released at pericenter and belonging to the leading (or trailing) tail.
Streams for which
are streams in which differential streaming is slow and many orbits of the progenitor are required before long tails can form. On the other hand, the tails of streams for which
complete one or more wraps for each progenitor's orbital time and are characterised by a much faster evolution. Ignoring the details of each orbital radial oscillation, the secular component of the differential angle between an escaped star and the progenitor, after a time t since escape, is
where the gradient ∇ refers to derivatives with respect to energy and circularity: ∇ (E,j) . As recognised by Johnston (1998) , the azimuthal angle ∆ϕ is essentially a function of the angular momentum only, while the radial period is more strongly dependent on the orbital energy, so that eqn. (11) can be well approximated by
In normal conditions, the energy term is significantly larger than the one arising from differences in the circularity, which implies that particles shed at similar times end up ordered in the stream according to their orbital energy (e.g., Johnston et al. 2001 , and the following Sect. 4). As a consequence, we have that
in which κ is the usual epicyclic frequency and I have used that δE(∂r/∂E) ≈ rt, and that Tr(E, j) ≈ Tr(E, 1). Assuming for example that the host's mass within the pericenter and the progenitor's mass are fixed -hence rt is approximately fixed -eqn. (13) shows that the speed of the differential streaming is dominated by the slope of the host's gravitational potential (Bowden et al. 2014 , explore a similar issue, but within the complementary framework of the action-angle formalism). Fig. 1 shows the magnitude of the function r0/κ · dκ/dr for a few gravitational potentials, generated from density profiles within the family of broken power-law models:
Especially in the central regions, steeper density profiles determine substantially faster mixing times. This can be easily understood by considering an asymptotic expansion in the pure power-law regime r/r0 ≪ 1, where
This asymptotic dependence is also displayed in Fig. 1 as dotted lines. Therefore, we see that, for a given rt, the speed of differential streaming and consequent phase space mixing is directly proportional to the inner density slope γi.
The left panel of Fig. (2) illustrates the validity of eqn. (15) in a practical case. It shows two streams that are identical except for the host's density slope, which varies between γi = 1 and γi = 2. The entire stream lives at r ≪ r0, so that the density profile is essentially a pure power law. Both snapshots are taken after three pericentric passages and three associated shedding events. However, it is evident that the two streams span substantially different angles. The strong and direct dependence of eqn. (15) on the density slope is extremely promising for future studies, especially if combined to a clear detection of a thin stream's feathering, which instead provides a measurement of the time passed since escape (see Sect. 4).
Finally, it can be noted that in the limit of a cored density profile, γi = 0, phase mixing is substantially slowed down by the characteristic solid-body behaviour of the relevant frequencies, which inhibits any differential streaming. Tracer particles slosh back and forth within the harmonic region of the potential without any substantial mixing. This provides an analytical interpretation to the results of Kleyna et al. (2003) ; Sánchez-Salcedo & Lora (2010); Lora et al. (2013) .
On the other hand, by assuming that the host's mass within the orbital pericenter M is fixed, we can highlight the progenitor's mass scale associated with different angular mixing regimes:
GCs of the Milky Way will inevitably require tens of orbital times for their tails to extend for a fraction of their orbital azimuthal angles, while the tails of dwarf satellites with m/M 10 −2 can potentially wrap the Galaxy within one orbital time.
Internal coherence vs hot disruption
The physical regimes analysed in this Section deal with the coherence in the internal dynamics of the stream, and can be separated out by comparing the magnitudes of the following two quantities:
• δΩ , the previously defined average difference in orbital frequency of progenitor and material shed at some given time;
• the spread in the distribution of the same quantity, within the same ensemble of shed stars:
Streams for which
have tails in which the ordering defined by the shedding time is essentially preserved by the Hamiltonian flow, i.e. the mixing along the stream of particles released at different times is limited. On the other hand, if
the ordering of particles is dominated by mechanical energy (rather than release time), and tails appear warmer. Note that, the limit of eqn. (18) is the same limit that defines a streakline: whatever the time dependence of the phase space displacements (δr, δv) -i.e. whatever the time dependence of the orbital pairs (Es, Js) -, if these have no scatter, they define an essentially one-dimensional manifold in phase space. The Hamiltonian flow preserves this onedimensionality, so that such a stream and its streakline are exactly the same.
As we have seen in Sect. 2.1, δΩ is essentially a function of the energy difference δE. Henceforth, the ordering of this Section is equivalent to an ordering between δE and σ(δE). If we can assume that most particles are released at the instantaneous tidal radius, within the ensemble of stars shed at similar times σ(δEt) = 0, and then σ(δE) = σ(δE k ). This makes the current ordering a measure of the importance of the random motions of stars at escape.
By order of magnitude estimates we get that
in which I have defined σs as the characteristic velocity spread of the escaping stars. On the other hand,
so that conditions (18) (and (19) are (respectively) equivalent to
These inequalities sets the divide between ordered, essentially one-dimensional streams that closely follow their streaklines and streams in which the internal dynamics is dominated by a substantial energy-driven differential streaming. For example, the central panel of Fig. 2 shows the streams generated by a progenitor having m/M ≈ 10 −8 (at pericenter), after it has been shedding stars for over ten orbital times. All parameters are kept fixed between the two realisations, apart for the velocity dispersion at escape σs. As found in eqn. (22), it is the magnitude of the orbital velocity, weighted by the progenitor-to-host mass ratio, that defines the transition between the two opposes regimes just described. The internally cold stream essentially behaves like its one-dimensional streakline and manifests the typical feathering, while this coherence is destroyed by random motions if the second stream (in blue).
It should be noted that, differently from the previous ordering (see eqn. (16)), and despite the appearance of eqn. (22), the mass ratio m/M is in fact not a direct player here. It is a simple exercise to prove that all dimensional dependences in eqn. (22) simplify once they are made explicit, for example by using the approximation
where k is a fudge factor similar to the well known virial coefficient. k usually stands for the structural properties of a gravitating structure, but, in this occasion, its meaning is enriched by the properties of the shedding mechanism, as it also encodes the relation between the internal velocity dispersion of the progenitor σp and the velocity dispersion of the escaping stars σs. As a consequence, rather than being associated with opposite mass scales, coherent or hot streams are in fact mainly defined by dimensionless structural ratios: by the escaping conditions themselves, by the relative size of progenitor and tidal radius (r h /rt), by the presence/size of an extended halo, by the progenitor's internal kinematics. While all of these are influenced by the masses at play, they are not determined by the progenitorto-host mass ratio in a direct way, and mostly depend on the galactic nature of progenitor and host and their structural properties. Sect. 4 deepens into this subject further and shows that feathers and bifurcations are a natural outcome of the regime (18). Here, I only delineate the two possible extremes as to what concerns most directly the escape conditions. On one extreme there are the so called 'evaporative conditions' (see also Küpper et al. 2012) , the opposite case is represented by an almost impulsive, hot disruption. In the evaporative case, dispersal is dominated by the evaporation of stars induced by two-body encounters rather than directly by the varying tidal field. As a consequence, release is essentially continuous, with little modulation on the orbital period. Shed stars are essentially 'peeled off' (Bovy 2014 ) the cluster, with very little kinematic displacement, and even smaller spread σs. On the other hand, larger systems that plunge into the gravitational potential of their host may be diffuse enough that the nominal tidal radius reaches their central regions. In this case, material is lost with a significant variety of both spatial and kinematic displacements, contributing to a large spread in both δEt and δE k . Also, shedding is likely not uniform in time, with almost impulsive events and a strong modulation with orbital time.
Thin streams vs shells
I advance in this synopsis towards ever 'warmer' tidal structures by considering a third and last dichotomy. This is based on the term of eqn. (12) that depends on the variations in the circularity of the shed material, and that I have previously neglected in the Sect. (2.1), as subdominant with respect to the companion energy term. This subdominance assures that an ensemble of particles that have been shed with approximately the same energy will experience a similar differential streaming with respect to the progenitor. However, with respect to one another, they satisfy δE = 0 and the way these particles stream away from each other is in fact determined by the circularity term. Therefore, by comparing
• the spread in the term δj(∂∆ϕ/∂j) over an ensemble of particles shed with the same energy,
• with unity, we are comparing streams of different widths in the orbital plane. Streams satisfying the conditions
appear thin, while the opposite case
is characterised by substantial opening angles. In particular, using eqn. (12), I get that the spread considered here provides an estimate for the angle covered by particles at their first trailing/leading apocenters, and is then an approximate measure of the opening angle of shells within the orbital plane:
Fig . 3 shows the influence on the current ordering provided by the properties of the host potential. For different circularities, it displays the contours of the quantity ∂∆ϕ/∂j for gravitational potentials generated by the density profiles of eqn. (14), in the scale-free pure power law regime. Clearly, for a fixed spread σ(δj E ), progenitor orbits that are more strongly radial tend to generate streams that are thicker in the orbital plane. Also, steeper host density profiles have an analogous effect, so that values of ∂∆ϕ/∂j ≈ 1 are not difficult to achieve. On the opposite side, as the harmonic limit has ∆ϕ(j) = π for all circularities, imposing γi = 0 also prevents angular momentum driven differential streaming.
I now concentrate on the term σ(δj), which introduces the spread at the origin of the opening angle of eqn. (26). From Fig. 3 , we see that σ(δj) 1 is the order of magnitude required for the generation of shells, which translates in
Using eqn. (6), it is easy to see that the contribution δJt is not able to produce the necessary spread, unless in the singular case of a purely radial infall. Therefore, in the general case, thick streams and shells are mainly generated by significant random motion of stars at escape, through the kinematic contribution δJ k ≈ rpδv ⊥ , where δv ⊥ = ||δv ∧rp||. Condition (27) is then the same as
which provides an interesting comparison with eqn. (22): shells are formed, for even larger values of the spread in the kick velocities, after coherence is lost. Note that, as v p,⊥ = vp,ϕ is periodic along the progenitor's orbit, modulation with orbital time plays an important role. Material that is shed along eccentric orbits is more likely to comply with eqn. (28) when it escapes near apocenter, so that large shells are preferentially made of stars escaped away from pericenter. The right panel of Fig. 2 illustrates the validity of eqn. (28): two streams that are exactly the same except for the velocity dispersion σ s,⊥ are shown after two pericentric passages. As the random motion of stars at escape become comparable in magnitude to the orbital velocity of the progenitor at apocenter, the opening angles in the orbital plane grow and the stream develops large shells. Finally, it is worth noticing that, when eqn. (22) is satisfied, the spread in the angle ω, defined in eqn. (8) and representing the orbital plane tilts of the members, is also of order 1. This ensures that the opening angle of the shell in the direction perpendicular to the orbital plane is equally sizeable, as the one within the plane itself.
STREAMS IN SPHERICAL POTENTIALS: A FAST AND FLEXIBLE APPROACH
As mentioned in the Introduction, the idea at the basis of the stream-generating algorithm I present here is similar to the one used by Küpper et al. (2012) and Gibbons et al. (2014) : individual particles are released along the progenitor's orbit (Ep, jp), and their distribution in phase space at a later time samples the properties of the stellar stream. The main difference with previous implementations of this technique is that I can freely vary both
• the modulation with the orbital time of the probability distribution of the shedding times;
• the probability distribution of the kinematic displacements, i.e. the distribution of kick velocities at escape.
This allows me to more flexibly reproduce the full phase space properties of streams across the entire range of physical regimes identified in Sect. 2. Furthermore, this generative method does not require solving the equations of motion for each single stream member on the fly; instead, members are evolved using orbit libraries as described in the following.
Orbit libraries
To parametrise the host's potential well, the present algorithm makes use of the family of broken power law density profiles (14). Inner and outer density slopes, γi and γo, are allowed to independently vary within the intervals
which allows me to cover a wide variety of density profiles, useful when modelling streams in different contexts. Within this family of gravitational potentials, the properties of orbits are conveniently stored in purposely optimised libraries.
As I am restricting the analysis to spherical potentials, all functional dependences that are associated with time can be isolated to the [0, 1] interval. These span variations between the orbital apo-and peri-center. For example, if (t, ϕ) = (0, 0) indicates either apo-or peri-center, both time and angular phase can be replaced by the following rescalinḡ
which maps ϕ in [0, 1] and where the symbol ⌊·⌋ indicates the usual floor function. The same transformation can be used to normalise time, using the orbital period Tr in place of the angle ∆φ
while it is possible to rescale the advancement of galactocentric distance between pericenter and apocenter using the followingr
In such a way, the core functions used by the algorithm {t(r) ;r(φ) ;φ(t)}
are functions that map [0, 1] → [0, 1], which makes numerical interpolation considerably more efficient. Of course, all mentioned functions are also dependent on both the host's potential through the density slopes (γi, γo) and on the orbital pair (E, j), for a total of five free variables. On the other hand, it is necessary to store the quantities that define the scalings above: apocentric and pericentric distances (rapo, rperi), azimuthal angles ∆ϕ, radial periods Tr. Though not of time, these are functions of four variables: the density slopes (γi, γo) and the orbital pair (E, j). Finally, it is worth mentioning that it is of considerable convenience to use a rescaling for the mechanical energy too. The varying density slopes are in fact responsible for strong variations in the central depth of the potential. This makes values of the energy very difficult to interpret in general, and would result in strong degeneracies in any Bayesian analysis exploring a range of density profiles. For this reason, I use the mapping
which univocally associates mechanical energy E with the radius of the circular orbit having that energy in the potential defined by the pair (γi, γo). Together with eqn. (35) and the time-associated dependences of eqn.Z(30) and (32), eqn. (34) grants that all free variables in the library are confined to conveniently bound and manageable intervals:
Generation of members
Given the stored orbital properties, the stream is constructed by generating its members. For each single shed star, this procedure involves: (i) the generation of an escape time ts; (ii) the generation of a phase space displacement (δr, δv); (iii) the evolution in time given the previous two ingredients. All members are released along the progenitor's orbit at the instantaneous tidal radius, in either the leading or trailing conditions (3). Eqn. (2) fixes the modulation of the tidal radius' magnitude with orbital time, while the size of the tidal radius at pericenter rt,per is considered a free parameter of the model, approximately fixing the scaling m/M . Upper panels display the probability distribution functions of the shedding times, as a function of the normalised time t/(Tr,p/2), where t = 0 is the first orbital pericenter. The stream is observed at t = 3Tr,p, the fourth pericentric passage of the progenitor, shown as a black dot. The lower panels show the distribution in energy and angular momentum of the leading and trailing members of the stream. The colour-coding of both middle and lower panels reveals the orbital phase of the progenitor at the time of each member's escape, as indicated by the coloured bars in the uppermost panels. Left panels illustrate the result of a single, almost impulsive shedding event, in which all material is dispersed at the first pericenter only, with very little spread, σt = 0.05. Central panels display the case in which shedding times have a uniform probability around the first pericentric passage, σt ≫ 1, for a total of one orbital time since infall. Right panels refer to the more realistic case in which the progenitor sheds material at each pericentric passage, with an intermediate spread of σt = 0.3 around each pericenter itself.
Varying the shedding history
Escape times are extracted along the progenitor's orbit according to a parametric probability distribution function (pdf), which fixes its modulation with the progenitor's pericentric distance, and hence with the normalised orbital phase and timet. A simple choice is a Gaussian pdf
This allows me to set a delay of the shedding peak with respect to pericenter, through t , together with the 'width' of the episode around such peak, through σt. Of course, more detailed probability distribution functions can be used if they're found to best describe tidal disruptions in numerical simulations. Within the gaussian form, the evaporative conditions defined in Sect. 2.2 are obtained by imposing that σt 1, which cancels any modulation and determines an approximately constant shedding rate. The number of shedding episodes can be fixed as desired, which allows to address a case in which the progenitor has been shedding tails at each pericentric passage since infall, or in which it has been virtually destroyed completely after only a few orbits. Figure 4 shows an example of the qualitative differences in a stream's morphologies that are a consequence of changes in the shedding history only. For each of the three columns, the upper panel displays the adopted pdf for the shedding times, together with the colour-coding adopted in the entire Figure. The first column displays the case of an almost impulsive shedding event (σt ≪ 1) at the first pericenter t = 0. The middle panels illustrate the opposite evaporative case of uniform release of particles for an entire orbital period, around the first pericenter only. The right column shows the more realistic case of repeated shedding events with an intermediate time spread (σt = 0.3). In all three instances all other physical parameters are kept fixed, streams are populated with 10 4 members and observed at t/Tr,p = 6, the fourth pericentric passage of the progenitor (displayed as a black dot). A few noteworthy differences are particularly evident.
• Although the rosette configuration of the three streams is analogous, as orbit and potential are the same in all cases, the relative density of different regions of the stream varies substantially. For instance, in the first two panels the tails generated at the first pericentric passage have completely detached from the progenitor. Renewed shedding has taken care to fill those regions in the third column. • Similarly, the shifts in orbital phase between stars released at different passages introduce features in the third column that are completely absent from streams in the first two, as plumes at large radii.
• From the third row of panels, it is clear that the energy and angular momentum differences (δE, δJ) in the typical bow-tie distribution of the two tidal tails are strongly connected to shedding time. Larger differences in mechanical energy are achieved for stars released at pericenter, while stars released at apocenter have smaller δE but a substantially larger spread in δJ. As explored in Sect. 4 this is at the origin of both feathers and bifurcations.
Varying the kinematics at escape
At the zeroth order, the magnitude of the kinematic displacements δv in the velocities of shed stars is a measure of the progenitor's mass. However, as discussed in Sect. 2.2, the link between the progenitor's mass and such dispersion is not at all simple or univocal (see also Sect. 4.3). For this reason, to maintain complete generality, the tidal radius at pericenter rt,per and the magnitude of the spread in the kick velocities at escape σs are considered two independent parameters.
At the first order, there are at least two independent reasons for which it is important to have flexibility not only in the magnitude of the kick velocities δv, but also in the relative scalings of different components (δvr, δvϕ, δvz) and in their entire pdfs.
• First, as shown by Gibbons et al. (2014) , the distributions of δvr and δvϕ are quite strongly affected by the self gravity of the progenitor when this is significant. In particular, self gravity is able to shift mean values away from zero, as particles require non-zero kicks away from the progenitor to be able to escape. Also, self gravity breaks the symmetry in the dispersion along different directions and introduce an approximate ordering σ(δvr) σ(δvϕ) σ(δvz) .
• Second, the internal kinematics of the progenitor is able to introduce asymmetries in the distributions of the kick velocities of leading and trailing arm. As a consequence of internal rotation in the progenitor, for example, the distributions of the kick velocities δvϕ and δvz may instantaneously have non-zero means of opposite sign for particle that escape from the leading or trailing tidal radii.
Given the above, I choose to parametrize the probability distribution functions of the different components of the kinematic displacements δv with three independent Gaussians, with explicit dependences on the associated tidal arm. In such a way it is possible to mimic the disruption of more massive satellites and of rotating progenitors, thereby expanding the applicability of this model.
The kicks in the radial direction are affected by self gravity only, which imposes means of opposite signs to the two tidal tails:
In the azimuthal direction δvϕ, both self gravity and rotation might play their roles. However, for each tail, both of them contribute to an approximately constant shift of the mean of the pdf. Therefore, a single parameter can be adopted to describe them at the same time, using the same parametrisation as in eqn. (38):
Things are different for the kicks in the direction perpendicular to the progenitor's orbital plane δvz. In fact, for a fixed tidal arm, the sign of the mean δvz has a modulation that depends on the angle between the directionrp and the direction of the internal angular momentum J int of the progenitor. As made clear by the schematics of Fig. 5 , using thatv int =δr ∧Ĵ int , it is easy to see that, whilê
is a constant along the orbit,
changes sign when the directionφ is rotated by an angle π. This dependence can be phenomenologically captured using the following parametrisation (42) This is identical to eqns. (38) and (39) apart for a cosine modulation; at fixed sign of rt, this is used to periodically change the sign of the mean of the kick velocities in the direction perpendicular to the orbital plane. The phase ϕ0 indicates the initial orientation of the tilted (and tumbling) disk.
In conclusion, rotation is mimicked by varying the two dimensionless ratios δvϕ σs,ϕ , δvz σs,z .
As shown by Gibbons et al. (2014) , self gravity can be responsible of δvϕ > 0, up to δvϕ σs,ϕ 1 ,
higher values can be used to mimic prograde rotation. Fig. 6 shows the comparison between the stream displayed in the third column of Fig. 4 with a stream that is generated by keeping all parameters fixed, apart from the dimensionless shifts of eqn. (43). The stream of Fig. 4 , displayed in gray in Fig. (6) , has ( δvϕ /σs,ϕ, δvz /σs,z) = (0.5, 0), as self-gravity could cause, hence corresponding to a non rotating progenitor. The stream it is compared to has ( δvϕ /σs,ϕ, δvz /σs,z) = (4, 4), which corresponds to a purposely strong prograde rotation, nominally inclined by ≈ 45
• with respect to the orbital plane. To simplify the comparison, the colour-coding used in Fig. 6 is the same of Fig 4. The stream generated by the rotating progenitor is characterised by a faster differential streaming, caused by its larger extension in δE in the bow-tie plot. The rotating progenitor also results in a much richer stream, with features that are globally more marked and better defined. Also, the inclined rotation causes the stream to loose its purely planar nature. The nonzero shifts in δvz cause significant tilts in the orbital planes of the stream members with respect to the progenitor's orbital plane. The lower panel of Fig. 6 compares the distributions of such tilts ω. Note in particular that when internal rotation is tilted with respect to the orbital plane, each single arm loses its planar nature despite the spherical symmetry of the potential, as systematic variations of the orbital tilts ω with time are introduced. This may be useful to explain the extra planar structure of Sagittarius' bifurcation.
Finally, it is fair to say that internal rotation can be responsible for a much wider range of complex phenomenologies, arising for example through the excitation of resonances (D'Onghia et al. 2010) , and that cannot be easily included in this simple model. However, resonances are only excited when the internal frequencies of the progenitor and the orbital frequencies of the host are comparable. This happens for mass ratios m/M at the very upper edge of the interval we are interested in, where self gravity and dynamical friction are bound to introduce even more worrying threats to the present model.
COHERENT STREAMS: FEATHERS AND BIFURCATIONS
Given the analytical and numerical frameworks described above, in this Section I deepen on the dynamics and properties of streams that belong to the following two categories
• feathers: slow and coherent streamers, as defined by eqn. (9) and eqn. (18);
• bifurcations: fast and coherent streamers, as defined by eqn. (10) and eqn. (18).
As shown in Sect. 2.2, internal coherence allows for the formation of substructure. The properties of overdensities and features in the streams generated by disrupting star clusters has been recently studied by several authors (Capuzzo Dolcetta et al. 2005; Just et al. 2009; Küpper et al. 2010 Küpper et al. , 2012 . Part of the interest sparks form the consideration that disturbances in these patterns may represent a promising venue to quantify the dark-substructure content of the MW halo. Preliminary studies have been performed using mainly streams shed by GCs (Yoon et al. 2011; Carlberg et al. 2012; Carlberg & Grillmair 2013; Ngan & Carlberg 2014) , but is some cases more massive progenitors have also been considered (Siegal-Gaskins & Valluri 2008) .
Slow streams: feathers
The origin of structures in stellar streams has been identified in the epicyclic motion of the escaped stars. Indeed, . The generation of purely epicyclic feathers (left panels) in the case of a circular orbit jp = 1, and of energetic feathers (right panels) in the general case jp = 1. For each stream particle, the colour-coding displays the orbital phase of the progenitor at the time of escape, as shown by the colour scale on the right.tp = 0 indicates the orbital pericenter,tp = 1 the apocenter. In the general case jp = 1, the progenitor's phase at escape is found to be in one-to-one correspondence with the phase space displacements (δE, δJ) (lower panels). This implies a one to one correspondence with the ordering of particles along the stream. Each armlet, composed of particles shed between two successive apocenters, is folded along most of its length, pulled at its centre by the faster differential streaming of stars released at pericenter, with larger |δE|. This mechanism is secular, and therefore dominant on the purely epicyclic feathering of the left panels, in which particle positions are only determined by the time passed since escape. the simplest case to approach is that of a perfectly circular orbit, in which stars are released with j ≈ 1. In this regime, the epicyclic approximation provides a very good analytical description of the stars' orbits. For example, Küpper et al. (2012) used this formalism to successfully describe and quantitatively reproduce the streaklines of star clusters orbiting with jp = 1. On the other hand, the general case jp = 1 cannot be tackled so easily in an analytical way. Using numerical methods, Küpper et al. (2012) was able to show the richness in morphologies that streaklines can achieve, at the same time, to use them to reproduce the global properties of streams produced in N-body simulations.
Here, I note that, with respect to circular orbits, the different and richer phenomenology of the general case jp = 0 is caused by an additional mechanism, which is dominant over epicyclic oscillations and is due to a modulation with time of the energies δE of the shed particles. In the ideal case jp = 1, stars shed by slow and coherent streams are released with phase space displacements (δE, δJ) that (i) have little spread and (ii) have no time-dependence through the term δEt, as galactocentric distance is constant. Within each tail, this inhibits all forms of secular differential streaming between different particles.
• Differential streaming is inhibited within the ensemble of particles shed at similar times, as the release conditions are instantaneously coherent: eqn. (18) is valid as seen in Sect. 2.2 .
• Furthermore, secular streaming is inhibited between particles shed at different times, as, in fact, eqn. (18) is valid within the larger ensembles of all leading and trailing particles, which all share approximately the same (Es, J s ).
As a consequence, the angular distance between two random particles belonging to the same tail ϕ1,2(t) = ϕs,1(t) − ϕs,2(t)
oscillates with the epicyclic frequency κ, but have none of the secular components isolated in eqn. (12). On the contrary, in the general case jp = 1, the varying galactocentric distance makes the term δEt a direct function of time, modulated by the radial period Tr,p. This implies that the angular difference ϕ1,2 has (does not have) a secular component if particles 1 and 2 have been released when the progenitor was (was not) at the same angular phase. For example, particles escaped at different times between successive apocenter and pericenter do posses a secular ϕ1,2(t). For most astrophysically interesting cases, the term δEt is (in modulus) larger at pericenter and decreases moving towards apocenter. Therefore, through eqn. (12) we see that particles released nearer to pericenter experience a faster differential streaming with respect to particles that are released near apocenter, which are condemned to lag along each tidal tail. As this is true at the same time for particles released at the apocenters tper−Tr,p/2 and tper+Tr,p/2, each 'armlet' composed of all particles shed between two apocentric passages is in fact folded along most of its length. This determines the appearance of feathers.
This mechanism is illustrated in Fig. 7 , where the substructure generated by a purely epicyclic feathering around a circular orbit is compared to the feathering generated by energy modulation in the general case jp = 0. Colour-coding is associated with the orbital phase of the progenitor at the time of escape of each particle, withtp = 0 being a pericenter. As it can be seen in the lower panels, the escape conditions around the circular orbit are such that (δE, δJ) have almost delta distributions with no time dependence. On the contrary, a one to one correspondence between the displacements (δE, δJ) and the orbital phaset is apparent in the general case and this correspondence is mirrored in the spatial distributions of particles in the stream. Each shedding event around a single pericenter determines an 'armlet' that is folded along its length: particles released at apocenter are much slower in gaining distance from the progenitor because of their smaller δE, and end up more tightly packed than particles released at pericenter.
This effect is absent in the case of the circular orbit: the purely epicyclic oscillations in the left panel of Fig. 7 are not related to the phasetp at release. Instead, positions along the stream are a function of the time passed since escape only. This only generates an oscillating ϕ1,2, with magnitude that is strictly bounded from above. Instead, the effect of energy modulation is secular and therefore quickly dominant on the purely epicyclic feathering. As a consequence, the phasetp at escape univocally determines the relative position of particles in right panel.
It should be noted that not all generative models are equally able to capture this behaviour, as not all of them are able to incorporate the time-modulation that is at its origin. Of course, the 'streakline-method' as presented by Küpper et al. (2012) , the variation of Gibbons et al. (2014) and the one introduced in this paper capture this time dependence, as particles are released from the instantaneous tidal radius. However, this is more difficult to achieve for methods that rely on the simple structure of streams in action-angle space. In this context, feathers are determined by a modulation of the frequency shifts (with a slight abuse of notation) δΩ with time, or in other words with the progenitor's angle θp at the time of escape. If this dependence of the release conditions on time is averaged out, like for example in Bovy (2014) , feathering is not observed.
Having determined the origin of the feathers allows me to address their size. For example, it is easy to quantify the radial size of an armlet at apocenter, as, for slow streams, we can assume that particles within the last shed armlet have a similar radial phase. For example, Fig. 8 shows the radial phase of particles in the same energetic-feathered stream of Fig. 7 . Despite the large m/M ≈ 10 −6 at pericenter, the radial phase is essentially constant for a few armlets (note that the scale only ranges in the intervalr ∈ [0.9, 1]). Therefore we can use the following approximation
where, as in eqn. (11), the gradient indicates derivatives with respect to energy and circularity. We can capture the dependences of the dominant contribution to eqn. (46) by considering a scale-free pure power law density profile. In such simpler case, rapo(E, j) = rapo(E, j = 0)f (j); also, changes due to energy variations are clearly dominant, so that
per .
(47) Eqn. (47) shows that the radial size of the armlets is strongly connected to the properties of the gravitational potential. As for eqn. (16), both mass ratio m/M and the steepness of the host's density profile play a relevant role. Note in particular that, if the properties of the host are known with some precision within the orbital pericenter, eqn. (47) shows that energetic feathering can be used to measure the steepness of the host's potential further out. For example, larger values of γo are bound to result in measurably longer feathers.This link provides a surgical tool to probe the local properties of the host's density profile and for this reason, modelling techniques should aim at reproducing the entire phase space distribution of streams, including their detailed spatial density, rather than their averaged 'tracks'.
Fast streams: bifurcations
Previous Section has illustrated the formation of feathers in slow streams, in the sense of eqn. (9). Feathers appear as a collection of approximately parallell folded armlets, shed around successive pericentric passages. However, the energetic folding of armlets is a mechanism that does not depend on how 'fast' the average differential streaming is and the same mechanism equally determines the internal folding of The mechanism that generates feathers in slow streams is capable of originating long arms with bimodal density distributions in fast streams. Particles released at pericentertp = 0 experience a much faster differential streaming than particles released at apocenter tp = 1 and each armlet is folded along most of its length. The stream shown here is observed at the third pericentric passage since infall, so displays to fully developed folded armlets. The formal streakline is shown in black.
long arms in fast streams. In other words, whatever the average magnitude of δE k across the leading or trailing tail, as δE k has a periodic modulation with time, the inner structure of each each armlet is bound to be intrinsically folded, exactly like the associated streakline. This is a mechanism that can cause an intrinsic bifurcation in the density of a tidal arm, without requiring multiple shedding events and pericentric passages. For example, Fig. 9 shows the tails of a progenitor with mass m/M ≈ 7 × 10 −3 at pericenter, just after the third pericenter passage. The potential is not too different from logarithmic, with (γi, γo) = (2, 2.5). The mass of the satellite (and the potential steepness) are high enough that the stream is fast, and the tails encircle the host's centre after just 2.5 radial periods. The black lines show the streaklines of each arm and display the typical folding. The two armlets contributed from each of the two pericentric passages are pulled forward from their centers by particles shed at pericenter (in purple, colour coding is the same as in Fig. 4, 6 and 7). Both leading and trailing armlets shed during the first radial period since infall show a very marked bifurcation. Random motions at escape have been fixed so that which, as prescribed by eqn. (22), allows the bimodality to survive despite some non negligible internal mixing.
COHERENT TAILS ACROSS THE MASS SCALES
In order of magnitude, feathers and bifurcations are apparent when the stream is internally coherent, in the sense of eqn. (18). In the opposite case of hot escape conditions, random motions internal to the stream wash out the bifurcation, as shown for example in the middle panel of Fig. 2 .
However, without precise knowledge of the host's mass distribution, the progenitor's mass and escape velocities, it is not straightforward to classify the level of coherence of a stream. The biggest unknown is in the spread of the distribution of the kick velocities. As mentioned in Sect. 2.2, these are connected to the peculiar velocities inside the progenitor, but such link is made non univocal by the dependences on its structural properties, orbit, ect. For example, for a star cluster that is not filling its Roche-lobe, the internal velocity dispersion σp is connected to the distribution of kick velocities through
where r h is a measure of the physical size of the progenitor. However, in the more general case in which stars are embedded in an extended halo, the typical Keplerian behaviour of eqn. (49) is not valid, and the magnitude of random motions at escape becomes more strongly dependent on other less manageable details. Also, as shown in Fig. 6 , features and bifurcations are more evident in the case of rotating progenitors. A non-zero average in δvϕ tends to result in more round armlets, while an inclined rotation δvz = 0 allows the foldings of a same armlet to depart from the orbital plane. This makes it more difficult for random motions to wash out the folding entirely.
Having noted these complications, I can use the analysis of Sect. 2.2 to roughly explore the interplay between the main physical ingredients that determine the appearance/disappearance of internal substructures, like feathers and bifurcations. Assuming the Milky Way as the host, Fig. 10 shows the contours of the driving ratio involved, which can be simplified to
The progenitor mass m and the spread in the distribution of kick velocities are kept free, to allow comparisons with different astrophysical cases. The host potential is assumed to be logarithmic (γi = γo = 2) with a circular velocity vc between 220 and 250 kms −1 , though variations in this interval are found to have no effect. Also, the influence of a more strongly declining density profile is explored, although its effect is found equally insignificant in this particular respect. The green shaded area in Fig. 10 identifies the region where σ(δE k )/δEt 0.5, which can be approximately associated with coherent streams. Larger spreads in the escape velocities are sufficient to wash out internal structures.
Palomar 5
The internal coherence of the long tails of the GC Pal 5 is testified by their substructures, observed using SDSS data Carlberg et al. 2012) . Although the spread in the escape velocities is unknown, the internal kinematics of remnant's core has been probed by Odenkirchen et al. (2002 Odenkirchen et al. ( , 2009 , which found a central velocity dispersion as low as σp 1 kms −1 . Using photometric star counts, the same authors have also estimated that the total mass of the remnant is m ≈ 5 × 10 3 M⊙. Assuming this estimate is correct, Fig. 10 confirms that the velocity dispersion of the remnant is in the correct range. In fact, in order to allow for clear substructures, it is likely that kinematic spread at escape is even smaller, of only a fraction of a kms −1 .
Willman 1
GCs are not the sole systems around which substructures have been observed. For example, Willman et al. (2006) notice features that appear as 'multiple tidal tails' around the ultrafaint Willman I. Despite the low luminosity of the dwarf and its unfortunate systemic heliocentric velocity, which mixes foreground and members, Willman et al. (2011) are able to obtain an estimate of the internal velocity dispersion of the remnant, σp = 4 ± 0.8 kms −1 . Using this measurement, the mass of Willman I is estimated by the same authors to be m ≈ 4 × 10 5 M⊙, although, as the dynamical state of the remnant is not known, such face value is significantly uncertain. If we assume that the features detected in the photometric number counts by Willman et al. (2006) are indeed the roots different armlets in a feather-pattern, we can use Fig. 10 to obtain a lower limit for the mass of Willman 1. Using Pal 5 as a lead, I can assume that σs ≈ 1 kms −1 , as it would be if both systems have similar Roche lobe filling structures. Therefore, Fig. 10 implies that the mass of Willman 1 is most probably 10 6 M⊙, confirming its galactic origin.
Anticenter stream
Among the most puzzling streams for its rich internal structure is the so called Anticenter stream (Grillmair 2006) . This is relatively nearby, at only ≈ 9 kpc from the Sun, and is characterised by a number of parallel overdensities, which, with varying intensities, sweep the entire length accessible in the SDSS data. The different density peaks have very similar distances, which brought Grillmair (2006) to suggest that they may have been caused by the disruption of the original GC population of the progenitor. Better constraints on the orbit have been obtained by Carlin et al. (2010) , though the origin of the internal substructure has so far remained elusive.
Without aiming to provide a complete model of the Anticenter stream, I note here that its multiple parallel overdensities do not necessarily require a substructured progenitor, and can in fact be interpreted as due to the natural internal structure of a feather. After substantial differential streaming, the multiple armlets of a coherent stream naturally appear as long, thin overdensities that run parallel to each other. These are shifted by a small angle as a result of having been shed ad successive orbital times. In this scenario, the progenitor of the Anticenter stream should have been destroyed quite quickly, after a few pericentric passages, so to give rise to only a few parallel features. Figure 11 shows the qualitative morphology of a feather when observed after substantial differential streaming. With the mass characteristic of an ultrafaint (m/M ≈ 10 −4 at pericenter), the tails of this progenitor are nominally slow, but when observed after more than 10 pericentric passages have almost encircled the Galaxy. Material composing the stream has been shed during the first three orbital periods, resulting in a stream with a few thin parallel substructures, which mimic the appearance of the Anticenter stream.
Sagittarius
The details of Sagittarius' history are still enigmatic despite considerable effort in both theory and observations. In particular, a mechanism capable of explaining the clear bimodality in the density of both leading and trailing arms (Belokurov et al. 2006c; Koposov et al. 2012 ) is yet to be identified. Fellhauer et al. (2006) propose that the apparent bifurcation is in fact an artificial effect, produced by the presence of two different tails, shed at successive pericentric passages. Although at similar distances, the two tails are slightly shifted with respect to each other because of the precession of the orbital plane, leading to the detection of what appears as a bifurcation. This interpretation is able to account for the different chemical properties of the two parallel density peaks, as these are made of material stripped from ever more central regions of Sagittarius, and then affected by any chemical gradient in the progenitor. Nevertheless, this scenario does not seem to be capable of producing an analogous artificial bifurcation in the trailing tail, in the southern Galactic hemisphere (Koposov et al. 2012) .
On the other hand, Peñarrubia et al. (2010) have shown that if Sagittarius was originally a late type disk, its intrinsic rotation may also have a relevant role in the properties of the bifurcation. Tails released at successive pericenters are influenced by the relative orientation of the internal and orbital angular momentum of the progenitor, so to result in an -equally artificial -bifurcation. However, this model clashes with the observed kinematics of Sagittarius' core. While observations are best explained by a pressure supported system, this scenario would predict that, as part of a disk, the disrupting remnant should show residual ordered motion (Peñarrubia et al. 2011) .
Although the purpose of this paper is not to provide a model of Sagittarius, I have shown that the mechanism that generates feathers in the slow streams of GCs works very similarly in massive progenitors, and can determine bifurcations in the density distribution of each armlet. The difficulty posed by Sagittarius is that its bifurcations do not lie within the orbital plane; instead, they seem almost perpendicular to it (e.g., Belokurov et al. 2014 ). In the case of a progenitor with a non-inclined rotation and of a spherical host potential, the intrinsic bifurcations generated by energy modulations studied in this paper lie within the orbital plane. Therefore, it remains to be tested whether some reasonable amount of tumbling rotation -and to a lesser degree the flattening of MW potential -are capable of taking the two-fold armlets in the required positions for both leading and trailing tails.
Additionally, a fundamental question that remains to be answered is whether Sagittarius could in fact shed a coherent stream. The length of the tails, the size of the remnant's core and the number of GCs associated with it all testify that the total mass of Sagittarius at infall had to be considerable, most likely above 10 9 M⊙. However, as it is difficult to constrain it through kinematic measurements of the remnant's core (e.g. Peñarrubia et al. 2011 ), such mass is not known in detail. Using Fig. 10 , we see that a dwarf with a mass between 10 9 and 10 10 M⊙ is in the coherent regime as long as σs 10 kms −1 , which would allow bifurcations to survive random motions. As noted previously, a lower kinematic spread of escaping stars can be achieved by varying the dimensionless, structural properties of the progenitor; primarily, the relative properties of the stellar component and of the dark matter halo of Sagittarius. Similarly to eqn. (49), more deeply embedded stars and/or a more extended dark halo are helpful, but other ingredients may also play finer roles.
CONCLUSIONS
This paper presents a simple analytic framework capable of explaining the main global properties of a collisionless stream. According to three different inequalities, streams are found to be either: (i) slow or fast, (ii) coherent or hot, (iii) thin or shells. The influence of different physical ingredients on these orderings is analysed, and while first and third dichotomies are found directly dependent on the progenitor's mass, internal coherence of a stream is found to be a result of the balance between mass and escape conditions, which makes it more strongly affected by the internal structure of the progenitor. The role of the steepness of the host's density profile is analysed and found heavily influent in determining a stream's speed in gaining both length and width, substantially accelerating phase space mixing. Differential streaming in harmonic cores is critically hampered.
Development of internal substructure is a natural outcome of the evolution of a coherent stream, in which internal mixing is limited due to the cold escape conditions. Slow coherent streams determine the emergence of feathers, while fast coherent streams display long bifurcated arms. While the mechanism at the origin of feathers had been identified in the epicyclic nature of almost circular orbits, in the general case of eccentric orbits the dominating mechanism is provided by a modulation in the mechanical energy of escaping particles. Particles released at pericenter experience a much faster differential streaming with respect to particles released at apocenter, so that each armlet composed of material shed between two apocenters is folded along most of its length. The detailed properties of feathers are found directly dependent on the properties of the host potential, which motivates an effort towards techniques that are capable of modelling the full 6D distribution of a tidal stream, without having to rely on averaged 'stream tracks'. This paper introduces a flexible model to quickly generate tidal features that orbit within spherically symmetric potentials. With respect to previous implementations, the shedding history of the progenitor can be varied at will, so that tidal streams belonging to very different regimes can be equally addressed. Also, by varying the distribution functions of the kick velocities at escape, it is possible to mimic the disruption of both heavier and rotating progenitors, expanding possible applications to a wider mass range.
The major drawback of this generative model lies in the choice of a spherically symmetric host potential. However, this choice comes with the perk of completely cutting all 'on the fly' numerical cost. The generation and evolution in time of a tidal streamer is obtained in a single shot and does not require the numerical solution of differential equations, or the evaluation of numerical integrals. All necessary information is conveniently stored in purposely optimised orbit libraries. As a consequence, this generative approach is (i) efficient enough to be used to model data within a fully Bayesian framework, and, at the same time, (ii) flexible enough to model the full phase space probability distribution of a stream as directly probed by the available data. Such a Bayesian framework and its performance in fitting for the potential's properties are tested using N-body simulations in a companion paper.
Both analytic and numerical frameworks have been used to contextualise the properties of a few Milky Way streams. For example, the mass of Willman 1 is estimated at m 10 6 M⊙, using the fact that multiple tidal tails have been observed around its remnant core (Willman et al. 2006 ). On the other hand, I have shown that the parallel overdensities of the Anticenter stream can be naturally caused by internal coherence, and do necessarily require group infall or a substructured progenitor. It is also interesting to consider the possibility that the bifurcation of Sagittarius' tails is similarly caused by the intrinsic bimodality of the armlets of a coherent stream. The attractiveness of this explanation is that it can incorporate the best features of different previously proposed scenarios.
• As in the mechanism proposed by Fellhauer et al. (2006) , it can account for the different chemical compositions of the two density peaks. Though shed around the same pericentric passage, the faint (bright) folding is composed of material escaped before (after) the first pericenter, henceforth probing outer (inner) regions of the progenitor.
• As in Peñarrubia et al. (2010) , some degree of inclined, tumbling rotation is required to allow the first pair of armlets to loose their planar nature and to depart from the orbital plane. However, the bifurcations provided by the intrinsic folding of each arm are in place as soon as the first pair of armlets are shed. Therefore, there is no need for the material escaping at successive pericentric passages to also be supported by rotation. In other words, this mechanism only requires the outermost regions of the progenitor to be rotating, while the innermost parts of Sagittarius, currently surviving in its remnant, are free to be supported by random motions (Peñarrubia et al. 2011 ).
Detailed analyses on this topic are deferred to a dedicated work.
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